r e v i e w Parasitic worms, or helminths, have probably coevolved with their vertebrate hosts for hundreds of millions of years. There is also abundant archaeological evidence that helminths have chronically infected humans, including the 5,000-year-old Neolithic 'Tyrolean Iceman' , who was infected with the whipworm Trichuris trichiura 1 . Ample evidence now indicates that helminths compromise fitness in wild vertebrate populations 2, 3 . In humans, although helminth infections are rarely lethal, they can contribute to morbidity in adults and impair physical and cognitive development in children 4, 5 . Generally, although the number of people infected by helminths in certain populations may be high, the frequency of people with high worm counts is usually low 6 . That binomial distribution may be an important factor in considering the effects of helminths on the immune response to coinfecting microbes.
Helminths are handled very differently by the host immune system than are microorganisms, such as fungi, protozoa, bacteria and viruses. Helminths include many very different multicellular worms that can reside mainly in tissues, such as filaria or schistosomes, or (alternatively) in the intestinal lumen, such as hookworms or Ascaris species. Generally, in both humans and mice, the characteristic helminth-induced type 2 immune response includes marked elevations in interleukin 4 (IL-4), IL-5 and IL-13 (ref. 7) . That response includes activation of cells of the innate and adaptive immune systems that together can mediate a potent host protective response to helminth parasites. Those cells contribute to parasite resistance and also promote host tolerance to (i.e., coexistence with) helminths; this can include both anti-inflammatory and wound-healing properties that are probably important when these large multicellular eukaryotes migrate through vital host tissues 8, 9 . In this context, helminths also stimulate potent regulatory cell populations of the innate and adaptive immune systems, which can function through mechanisms distinct from the effects mediated by cytokines of the T H 2 subset of helper T cells (type 2 helper T cells). In contrast, pathogenic microorganisms typically trigger a type 1 immune response, which instead results in elevations in IL-12, IL-23, interferon-γ (IFN-γ) and IL-17 (ref. 10 ). This potent response develops rapidly, which is critical for the control of potentially lethal pathogens that can rapidly divide and disseminate throughout the host; however, a cost of this rapid response can be tissue-damaging inflammation.
Both the T H 2 cytokines and the immunoregulatory pathways activated by helminth infection have the potential to downregulate the effector functions that mediate resistance during type 1 immune responses. Major global pathogens, including Mycobacterium tuberculosis, human immunodeficiency virus (HIV) and the Plasmodium species that cause malaria, can overlap in geographic distribution with helminth infection (Fig. 1) . This map (Fig. 1) emphasizes the point that in sub-Saharan Africa there is extensive overlap of the presence of helminths, infection with HIV, Plasmodium species that cause malaria, and M. tuberculosis. In fact, each of those pathogens is responsible for substantial disease burdens in sub-Saharan Africa 3 . Widespread concurrent infections with helminths and other pathogens may pose a clinical and immunological quandary, as coinfected hosts must manage two classes of pathogens that generate disparate and potentially conflicting effector-cell responses for their control and resolution. It is thus plausible that in many areas of the world, host immune responses to these prominent diseasecausing microbial pathogens is modulated by coinfection with helminths, and in this context, helminth infection may also potentially impair vaccine efficacy 11, 12 .
The chronicity of helminth infections from childhood through adult life may affect overall immunological function. Studies have suggested that helminth infection may influence homeostasis of r e v i e w the immune system, activating immunoregulatory cell populations and T H 2 effector cells that together control the development of harmful autoimmune and inflammatory disorders. Consistent with that model, populations in regions without endemic helminth infection show an increased prevalence of inflammatory diseases and in particular autoimmunity 13 . Studies of experimental models have further demonstrated the efficacy of helminth infection or the administration of helminth products in mitigating disease severity [14] [15] [16] , which has provided the basis for many ongoing clinical trials. Thus, although eradication of helminths may enhance resistance to certain microbial pathogens, one cost may be altered homeostasis of the immune system and increased susceptibility to inflammatory diseases. Also, antihelminth treatments can potentially influence the course of microbial infection by affecting host tolerance as well as resistance.
In this Review, we examine evidence of a role for helminth infection in modulating the immune response to major microbial pathogens that affect global health, including M. tuberculosis, HIV and Plasmodium species that cause malaria. We then discuss how, in the context of coinfection, individual parameters of the type 2 immune response may potentially regulate type 1 immunity, affecting both host resistance and tolerance. Such an analysis may provide a functional framework for more in-depth studies of the effects of the helminthinduced type 2 immune response to coinfection by microrganisms.
Tuberculosis and concurrent helminth infection
Tuberculosis and helminth infections are coendemic in many parts of the world, which raises the possibility of modulating tuberculosis through host responses to helminths. Furthermore, the larvae of many soil-transmitted helminths migrate through the lungs. Hence, the localized helminth-induced pulmonary response may directly influence the outcome of a concurrent infection with M. tuberculosis. Volunteers experimentally infected with the hookworm Necator americanus have been shown to generate not only a strong local T H 2 response and regulatory T cell (T reg cell) response (characterized by IL-10 and transforming growth factor-β (TGF-β)) but also a similar systemic response 17 , which indicates that helminthinduced intestinal responses may also affect the outcome of concurrent infections at distant sites, including M. tuberculosis-specific lung responses. Indeed, findings from many clinical studies have provided evidence that helminths modulate host susceptibility to tuberculosis. In a case-control study in Ethiopia, a significant association was found between tuberculosis and intestinal helminth infection. Notably, the association increased with the number of concurrently infecting helminth species 18 . Another study also found a higher frequency of helminth infection in patients with pulmonary tuberculosis than in a control group matched by age, sex and neighborhood 19 . A lower IFN-γ response and greater IL-10 response has also been observed in mycobacteria-stimulated whole-blood cultures from helminthcoinfected patients with tuberculosis than in those from patients with tuberculosis 20 . A similar reduction in the production of antigenspecific IFN-γ has also been seen in peripheral blood mononuclear cells from helminth-infected children with responsiveness to bacillus Calmette-Guerin (BCG). However, depletion of CD4 + CD25 + T cells from those in vitro cultures resulted in a significantly enhanced IFN-γ response, which suggests that T reg cells might be responsible for Figure 1 World map showing the geographic distribution of coinfection with helminths together with tuberculosis, malaria and/or HIV infection of adults. This simplified map (constructed for illustrative purposes) includes only data obtained from the following sources: for helminths, lymphatic filariasis, onchocerciasis, schistosomiasis or soil-transmitted helminthiasis 123 ; for tuberculosis (TB), incidence rates 124 ; for malaria, the countries and territories affected 125 ; and for HIV, the reported prevalence in adults 126 . Countries with fewer than 25-49 new cases of tuberculosis per 100,000 people and with a prevalence of HIV infection below 0.5% have not been included here. Because of that cutoff for HIV, many parts of the world (such as India and South America) are not presented here as regions with coinfection with helminths and HIV, although there is a substantial HIV burden in those countries. antagonizing the production of IFN-γ 21 . Patients with tuberculosis who are coinfected with helminths also present with more advanced disease 20 . Whether helminth-induced increases in bacterial burden or direct damage to the lungs by helminths cause(s) the exacerbated immunopathology remains to be determined. In asymptomatic pediatric household contacts of patients with tuberculosis who had sputum smear positive for acid-fast bacilli, a positive tuberculin skin test was significantly associated with concurrent helminth infection 22 . This indicates that a concurrent helminth infection in people exposed to M. tuberculosis can increase their risk of becoming latently infected with M. tuberculosis. Consistent with that finding, people with latent infection with M. tuberculosis from areas hyperendemic for onchocerciasis, the helminth responsible for 'river blindness' , had a delayed tuberculin skin test response 23, 24 and lower T cell proliferation and IFN-γ responses to the M. tuberculosis antigen PPD 25 . The expression and function of Toll-like receptors 2 and 9 (ref. 26) and T H 1 and T H 17 responses 27 of people with latent tuberculosis and coincident filarial infection were also significantly lower than those of people with latent tuberculosis without filarial infection. The marked improvement in the Mycobacteria-specific immune responses of peripheral blood mononuclear cells from latently infected people after deworming 26, 28 suggests that eliminating helminth infection in coendemic areas may reduce the risk of progression to active tuberculosis.
Experimental models of coinfection have also been used to delineate the mechanisms of immunomodulation. Mice with an ongoing type 2 response induced by a filarial parasite 29 or Schistosoma mansoni 30 also develop a type 2 response to mycobacterial infection. Mice coinfected with S. mansoni and M. tuberculosis 31 or with S. mansoni and BCG 32 had a higher bacterial burden in their lungs than did mice without S. mansoni coinfection. Similarly, mice coinfected with Nippostrongylus brasiliensis, an intestinal helminth with a lung stage, had impaired resistance to M. tuberculosis infection 33 . The mechanistic basis for the enhanced-susceptibility to M. tuberculosis of those coinfected mice was mainly IL-4 receptor-mediated alternative activation of macrophages. In contrast, another study has reported that acute infection with N. brasiliensis actually boosts early macrophage-mediated control of infection with BCG 34 . However, it must be noted that BCG does not express certain genes 35 encoding molecules that control the virulence and intracellular survival of mycobacteria 36 ; therefore, it is not clear that such a boosting effect would occur during infection with M. tuberculosis. Several other contrasting studies have also been published showing a lack of modulation of mycobacteria-specific responses during concurrent helminth infection [37] [38] [39] . In this context, a study of the cotton-rat model of coinfection has also demonstrated a lack of exacerbated of M. tuberculosis infection during chronic filarial infection 40 . Also, a longitudinal study of a bovine model of onchocerciasis has demonstrated that although the response in the cattle during T H 2 polarization was dominated by IL-4 expression, there were periods of strong and sustained IFN-γ expression 41 , which indicates that some of the divergent findings could be due to differences in the timing of the coinfection in the host.
The effect of helminths on efficacy of a vaccine against BCG in humans has also been investigated. Deworming of people before vaccination against BCG enhanced the IFN-γ response, whereas the TGF-β response of that group was lower than that of the control group that did not receive deworming treatment 42 ; this suggests that the poor immunogenicity of BCG in the helminth-infected population could have been due to increased TGF-β production. The finding that downmodulation of the immune response affects vaccine efficacy was confirmed in a mouse model in which it was shown that the partial protection against M. tuberculosis infection mediated by BCG was significantly abrogated in helminth-coinfected mice 43 . Maternal helminth infection during pregnancy can sensitize neonates in utero to parasitic antigens 44 . Indeed, infants born to mothers who had filarial or schistosomal infections during pregnancy generate a significantly lower IFN-γ response to the vaccine against BCG than do infants born to uninfected mothers 45 . The mechanism behind such altered BCG immunity is probably in utero sensitization by parasitic antigens that have crossed the placenta 46 . Those parasite antigens induce a helminth-specific T H 2 response that lasts several weeks after birth and has the potential to subsequently skew the immune response to the vaccine against BCG 46 . How the parasite antigens cross the placental barrier remains unclear, but such findings suggest that treating mothers during pregnancy may improve the efficacy of the vaccine against BCG in their newborns 44 . However, in a large randomized, double-blind, placebo-controlled study in Uganda 47 , the response to the vaccine against BCG in infants was not affected by treatment of the mothers with antihelminthic drugs 47 . Such opposing results may have been due to differences in the types of helminths and their numbers present in the pregnant mothers, which could have led to differences in the transmission of parasite antigens and subsequent modulation of the infant's immune response. Thus, it is still an open question whether helminth infections in utero or after birth alter the immune response to the vaccine against BCG and other subunit vaccines against tuberculosis.
Effect of helminth infection on malaria
Malaria is highly endemic in sub-Saharan Africa, in certain parts of Asia and in South America, where there is also a high prevalence of schistosomiasis, filariasis and gastrointestinal infection with nematodes. Thus, during the past decade, the effect of helminth coinfection on infection with Plasmodium species that cause malaria and the pathogenesis of malaria has been investigated in both human populations and experimental animal models. In studies in Senegal and Ethiopia, a high prevalence of coinfection with helminths (including Ascaris lumbricoides and T. trichiura) was associated with the severity of malaria attacks, higher densities of malaria parasites and lower hemoglobin concentrations 48, 49 . However, in separate studies in Malian and Thai subjects, helminth infections were associated with protection from acute malaria caused by infection with Plasmodium falciparum 50 , decreased severity of renal pathology and jaundice 51 and diminished severity of cerebral malaria 52 . A prospective study in Mali of the effects of filarial coinfection on the clinical course of malaria found that pre-existent filarial infection conferred protection against anemia without necessarily affecting the severity of the malarial infection itself 53 . Overall, these epidemiological studies suggest that helminth infection in humans may alter the development of malaria not only by increasing the replication of Plasmodium parasites but also by modulating the severity of the pathological sequelae associated with malaria. Helminth coinfection has been shown to alter the cytokine response to malarial antigens and extracts: helminthcoinfected children exhibited an overall higher IL-10 response to an extract of infected erythrocytes or to recombinant malarial antigens, without a concomitant decrease in IFN-γ production 54, 55 . That response might correspond to enhanced activation of CD4 + T cells that produce both IFN-γ and IL-10. A separate study of Malian subjects coinfected with filarial parasites and P. falciparum demonstrated that malarial antigen-induced IL-12, IFN-γ and chemokine CXCL10 responses were diminished in patients with patent filarial infection 56 . That diminished T H 1 response was associated with lower expression npg r e v i e w of the transcription factor IRF1 and was dependent on concomitant IL-10 production 56, 57 . In Senegal, higher circulating concentrations of IL-10 were also found in the plasma of Schistosoma haematobiumcoinfected patients with malaria, and this correlated with decreased concentrations of protective cytophilic immunoglobulin G1 (IgG1) and IgG3 antibodies to the malarial antigens MSP1, MSP2 and GLURP 58 . To explore the possibility that helminth coinfection may be an important factor in delaying the acquisition of clinical immunity to malaria, an intervention study was done in Madagascar involving the treatment of children with an antihelminth agent (levamisole) 59 . A 2.5-fold decrease in malaria attacks was observed after treatment with levamisole, with the effect manifesting only after an 18-to 24-month lag period. Such a delay in the effect suggests that the antihelminthic might have promoted class switching in B lymphocytes toward the production of cytophilic IgG1 and IgG3. That hypothesis has gained support from a prospective study of over 200 Senegalese children over a 51-month period. Carriage of helminths (hookworms in particular) was strongly associated with increased malarial attacks and significantly decreased IgG1 and IgG3 responses to the protective MSP3 antigen with an increase in noncytophilic IgG4 antibody responses 60 . Thus, by altering the T H 2-T H 1 balance, helminth infection may be a substantial contributing factor to the delayed acquisition of clinical immunity to malaria.
Studies of the mouse model of infection with the intestinal helminth Heligmosomoides polygyrus bakeri and Plasmodium chabaudi has enabled careful analysis of how chronic helminthiasis affects the course of infection with the Plasmodium species that cause malaria and the pathogenesis of malaria. In this model, prior infection with the intestinal nematode results in greater malaria parasitemia and a resultant higher incidence of mortality due to hemolysis-induced anemia 61 . That impaired resistance is associated with decreased IFN-γ, whereas the production of TGF-β and IL-10 in mice with prior infection is greater than that of mice infected only with P. chabaudi. Nevertheless, in mice (which do not die of malarial hyperparasitemia), coinfection with H. polygyrus protects them from cachexia, hypothermia and hypoglycemia, which are some of the pathogenic sequelae associated with acute malaria 62 . Despite the importance of IL-4 and IL-13 and the downstream transcription factor STAT6 in the development of a type 2 response, most of the effects of helminth coinfection on both parasitemia and pathogenesis is preserved in mice that lack STAT6. This indicates a minor role for helminth-induced type 2 polarization itself and instead suggests the prominence of independent regulatory mechanisms mediated by IL-10 and TGF-β, which do not signal through STAT6.
Helminth-induced modulation of HIV infection
Whereas helminths have infected humans throughout their evolution, HIV has only recently become an important infectious agent in humans, with little time for the evolution of specific host resistance mechanisms. In contrast, the long-term helminth-vertebrate coevolutionary dynamic may have resulted in relatively benign coexistence in much of the infected population. HIV has a widespread geographic distribution throughout sub-Saharan Africa, overlapping areas in which there is also a high frequency of both soil-transmitted helminths and water-borne schistosomes 3, 63 .The partially protective host immune response to HIV includes several cell populations of the immune system associated with type 1 immunity, including CD8 + T cells, CD4 + T H 1 cells, natural killer cells and antibody-producing B cells, which together can contribute to a stable viral 'set point' that can endure for years. When HIV neutralizes those and other protective functions of effector cells of the immune system, an increased viral load and immunodeficiency can result, followed by progression to AIDS and susceptibility to other pathogens.
The helminth-induced immune response may have several components that compromise the immune responses needed to keep the HIV infection in check, including the production of T H 2 cytokines, activation of T reg cells and impaired function of antigen-presenting cells. However, those same mechanisms, through dampening the activation of cells of the innate and adaptive immune systems, may potentially impair the early stages of HIV infection 63 . For example, macrophages treated with IL-4 and IL-13 inhibit the entry of macrophage-tropic virus by downregulating expression of the CCR5, CXCR4 and CD4 receptors for viral entry 64 . Furthermore, T H 2 cytokines also inhibit the replication of HIV in primary blood-derived monocytes 65, 66 and bronchoalveolar macrophages 67 and could block the completion of reverse transcription 68 . Other studies have reported that IL-13 negatively regulates the replication of HIV 69 , whereas IL-4 enhances infection with HIV 69, 70 . Thus, although the viral load of HIV may in some cases ultimately be increased after helminth infection, those potential mechanisms that decrease infectivity may offset the advantages of antihelminth treatments. The actual physical site of HIV infection may affect the effects of infection with metazoan parasites. Although HIV infects the host systemically, transmission occurs in mucosal tissues, mainly through the genital tract. Lesions in that region may increase the accessibility of local mucosal cells of the immune system to HIV. For example, the trematode parasite Schistosoma hematobium causes urogenital schistosomiasis. Those parasites trigger the formation of granulomas, which includes activated cells of the immune system. The granulomas then migrate through the tissue, causing lesions as they leave the body. Both the lesions and the associated activated cells of the immune system may create favorable entry points for HIV 71, 72 . A study in Tanzania has shown a threefold greater prevalence of HIV in women with urogenital schistosomiasis than in women without urogenital schistosomiasis 73 , which provides some of the strongest evidence yet linking helminths to enhanced susceptibility to infection with HIV. It should also be noted that modulation of the immune response by intestinal helminths may also 'preferentially' affect HIV, as gut-associated lymphoid tissue is an important site of HIV replication and death of CD4 + T cells 71, 74 . Helminth coinfection also increases the risk of mother-to-child transmission of HIV. HIV + pregnant mothers with chronic intravascular helminth coinfection were found to have sevenfold greater odds of transmitting HIV to their offspring. That increased risk was attributed to the in utero priming of T cells by soluble parasite antigens 75 . The finding that there is enhanced activation of proviral gene-transcription pathways in cord-blood T cells from infants primed in utero is consistent with enhancement of the susceptibility of T cells to HIV infection by in utero activation of the immune system 76 .
Several other clinical studies have suggested that immune responses to and/or control of viral load after infection with HIV are (is) compromised by helminth infection [77] [78] [79] [80] , whereas others have indicated little effect 80, 81 , and still others have raised the possibility of adverse effects after antihelminth treatment 82, 83 . As noted in reviews 63, 84 , although overall there are indications of beneficial effects of antihelminth therapy on viral load and immunological parameters, a major caveat with many studies so far has been the small sample size, lack of sufficient power and overall paucity of extensive longitudinal studies. One potential confounding factor in such coinfection studies is the actual diagnosis of active helminth infection, as the most common approach of simply detecting eggs in stool can be misleading 85, 86 . That was addressed in a coinfection study in South Africa, in which the helminth-infection phenotype was classified npg 1 1 2 2 VOLUME 14 NUMBER 11 NOVEMBER 2013 nature immunology r e v i e w into four distinct subtypes on the basis of high and low counts of eggs in stool and high and low concentrations of helminth antigenspecific IgE. It was hypothesized that this more granular approach may help in distinguishing helminth-infected people with highintensity type 2 responses from those with low-intensity type 2 responses. Intriguingly, impaired immune responses to HIV were 'preferentially' associated with high fecal egg counts and high IgE concentrations 87 . Such findings suggest that the actual magnitude and quality of the host immune response to helminth infection are important parameters that should necessarily be included in future coinfection studies; indeed, the magnitude of the type 2 immune response may be a better indicator of the effects on coinfecting pathogens than is infection status.
A confounding factor in many randomized clinical trials is that they examine only whether a single intervention is effective. They often do not consider partial effects or the possibility that multiple different simultaneous interventions may be needed to produce highly significant results. For HIV in sub-Saharan Africa, conventional dogma has focused on sexual behavior as a cause of a greater incidence of infection with HIV. Increasing evidence now suggests that may be erroneous and that instead people in sub-Saharan Africa are more susceptible to infection with HIV for environmental reasons that impair an effective immune response 88 . Such factors that contribute to impaired immunity to HIV may include nutritional deficiencies [88] [89] [90] , such as iron-deficiency anemia or protein-energy malnutrition, either of which may result not only from diet but also from coinfection with helminths. Thus, malnutrition, as well as immunoregulatory networks elicited by helminth infection, may lead to immunosuppression and diminished ability of the host to control infection with HIV and progression to AIDS.
Together, several studies have now provided strongly suggestive evidence that helminth coinfection influences the immune response to M. tuberculosis, Plasmodium species that cause malaria and HIV and may in some cases affect the course of disease. In particular, it is increasingly clear that urogenital schistosomiasis can increase susceptibility to HIV infection. However, the results may be more complex for other helminth-microbe coinfection combinations, with immunoregulatory effects reducing infectivity in some cases, promoting immunosuppression and increased susceptibility in others, and affecting host tolerance in still others. More extensive clinical research and mechanistic studies are needed to develop robust models of how such widespread helminth infections affect the course of globally important infectious diseases.
Potential mechanisms of helminth-induced modulation
The characteristic type 2 immune response is very similar after infection with different helminth species 7 . Furthermore, the effects of this response on immunity to different microbial pathogens share common features, in part because microbial pathogens generally trigger a characteristic type 1 immune response. Thus, rather than discussing helminth-induced immunological mechanisms that influence responses to specific microbial pathogens, in this section we instead more broadly examine how helminth-induced immune responses influence specific components of type 1 immunity and use specific pathogens as examples.
Helminth infection triggers a complex immune response that includes activation of T H 2 cytokine-producing cell populations of the innate and adaptive immune systems in response to alarmin cytokines (Fig. 2) . We will first discuss how in the first compartment, the T H 2 cytokines modulate the antimicrobial functions of macrophages. In addition to that effect, helminth excretory-secretory products can directly influence antigen presentation, suppressing the differentiation of T H 1 or T H 17 cells and supporting the development of T H 2 cells and T reg cells. Together those stimuli trigger a potent highly polarized type 2 response and also a regulatory cell compartment of the immune system that at least in some cases can develop independently of T H 2 cytokines. That second compartment includes macrophages and T reg cells that produce IL-10 and TGF-β, which may dampen the immune response to microbial pathogens. In this section, we will consider how these two compartments of the helminth-induced immune response may potentially influence the development of an effective type 1 immune response to microorganisms, with a particular emphasis on innate regulatory cell populations.
Helminth-induced M2 macrophages and microbial replication
The cytokines made by polarized T H 1 and T H 2 cells induce functionally distinct subsets of macrophages: classically activated (M1) macrophages and alternatively activated (M2) macrophages, respectively 91 . M1 macrophages secrete proinflammatory cytokines, have high expression of reactive oxygen and nitrogen intermediates and are key effectors against intracellular pathogens. In contrast, M2 macrophages secrete the anti-inflammatory cytokines IL-10 and TGF-β, have high expression of arginase-1 (ref. 92) , directly promote wound healing 9 and mediate resistance against helminths 7 . Studies reporting that mice with arginase-deficient macrophages are better able to control M. tuberculosis 93 and that macrophages treated in vitro with IL-4 have increased M. tuberculosis replication 94 were early indicators that M2 macrophages generated during helminth infection may potentially reduce macrophage effector activity against microbial pathogens. Indeed, a study has identified the IL-4 receptor-induced M2 macrophage as a potential niche for augmented growth of npg r e v i e w M. tuberculosis in helminth-coinfected hosts 95 . M2 macrophages 96 and alternatively activated dendritic cells (DCs) 97 are also present during coinfection of humans, but whether they affect the growth of M. tuberculosis has yet to be determined. The signaling pathways, transcription factors, epigenetic modifications and microRNAs that regulate the polarization of M1 and M2 macrophages are being rapidly identified. Furthermore, accumulating evidence also indicates that macrophages have a continuum of activation profiles between the two polarized forms, which suggests extensive plasticity in the developmental program of M1 and M2 macrophages 98 . Thus, it remains to be determined whether in coinfected hosts macrophages newly recruited to the site of infection acquire an M2 phenotype or whether M1 macrophages harboring microbial pathogens are reprogrammed to become M2 cells under the influence of IL-4 and IL-13. Another unexplored issue is the source of IL-4 and IL-13 that drives the polarization of macrophages to the M2 phenotype, particularly during the early stages of coinfection. The discovery of type 2 innate lymphoid cells (ILC2 cells), which develop under the influence of IL-25 or IL-33 and, like T H 2 cells, produce IL-5 and IL-13, raises the possibility that ILC2 cells, as well as T H 2 cells, could be a potential source of the T H 2 cytokines that drive M2 polarization. In a surgical-implant model with Brugia malayi, tissue injury alone was found to be sufficient to transiently induce M2 macrophages in a manner dependent on signaling through the IL-4 receptor α-chain but independent of an adaptive T H 2 response 99 . Although the source of the innate IL-4 or IL-13 was not identified, one could now speculate that they were probably derived from ILC2 cells. Thus, during concurrent infections, it is possible that ILC2 cells activated subsequent to helminth-induced tissue damage may promote the development of M2 macrophages. Further work is needed to delineate the in vivo dynamics of the development of M1 and M2 macrophages during the progression of coinfection and to determine how their cross-regulation affects the effector functions that mediate resistance to microbial pathogens. In this context, the discovery that macrophages can proliferate in situ during a T H 2 response 100 further highlights the potential for M2 macrophages in downregulating the effector functions of M1 macrophages during coinfection.
Helminths inhibit DC activation A major mechanism for the downregulation of T H 1 responses and cytotoxic T cell responses to intracellular pathogens is the wellknown ability of helminth infection to target the classical activation of DCs 101 . This seems to occur despite the reported ability of DCs to compartmentalize the handling of antigens and to simultaneously prime for both T H 1 responses and T H 2 responses 102 .
Among antigen-presenting cells, DCs are known to be the most critical for the initiation and also the maintenance of protective T cell responses to many infectious pathogens. In contrast to the exposure of DCs to microbial ligands of Toll-like receptors, exposure of DCs to helminth excretory-secretory products fails to upregulate the surface expression of costimulatory molecules such as CD40, CD80 and CD86 and does not result in the synthesis of proinflammatory cytokines and chemokines such as IL-12, CCL2 (MCP-1) and TNF 103, 104 . Perhaps a far more insidious effect of prior exposure to helminths is the inhibition of the responses of both human DCs and mouse DCs to microbial ligands, including lipopolysaccharide and CpG oligonucleotides, which normally promotes the antigen presentation, costimulation and proinflammatory cytokine production of DCs [105] [106] [107] [108] . That dominant-negative effect on the activation of classical DCs has been documented after in vitro exposure to schistosome soluble egg antigens and various nematodes (Brugia, Trichinella and Nippostrongylus) and helminth-derived preparations 97, [109] [110] [111] [112] . Exposure to helminths not only inhibits the proinflammatory activation of DCs but also promotes an alternative regulatory program, which could further dampen T H 1 and cytotoxic T lymphocyte responses 111, 113, 114 . After being exposed to helminths, DCs promote the differentiation of T reg cells from naive T cell precursors or the further expansion of pre-existing T reg cell subpopulations 111, 115 . DC production of TGF-β and/or IL-10 in response to exposure to helminth excretory-secretory products may be the critical mechanism underlying the ability of helminth infection to promote the population expansion of T reg cells. It is not known to what extent helminth inhibition of cell-mediated immunity relies on the shutdown of the proinflammatory functions of antigen-presenting cells versus the active promotion of T reg cell activities. It is conceivable that defective costimulation of antigen-presenting cells in helminth-infected people would have a more profound effect during the initiation of a nascent T cell response, such as during vaccination or primary exposure. In contrast, a negative regulatory regime imposed by the population expansion and activation of T reg cells might have a more prominent role in restricting the function of preformed effector memory and effector T cells located at peripheral tissue sites. Another study has also suggested the deviation of T H 1 cells into Foxp3 + regulatory cells mediated by helminth-induced production of IL-10, rather than T reg cell-mediated downmodulation itself, as the underlying mechanism for the diminished T H 1 responses to vaccination 116 . A similar mechanism of localized recruitment of Foxp3 + T reg cells may be involved in the exertion of anti-inflammatory effects by IL-10-producing regulatory B cells induced by helminth infection 117 .
Most of the aforementioned studies examining the effects of helminths on the activation and function of DCs have used in vitro cultures of bone marrow-derived DCs, which may not be representative of CD103 + DCs (presumably relevant at mucosal sites) or CD8α + DCs (required for priming T H 1 and cytotoxic T lymphocyte responses). As a consequence, very little is known about how DC subpopulations are affected in the helminth-infected host. Moreover, how helminth coinfection alters or suppresses the in vivo response of those relevant DC subsets to microbial agonists needs to be investigated. Two studies have demonstrated the emergence of a CD103 − CD11c lo DC population, distinct from plasmacytoid DCs, during chronic helminth infection 118, 119 . CD11c lo DCs were ineffective stimulators of an effector response by CD4 + T cells and instead strongly drove expression of the transcription factor Foxp3 in naive CD4 + T cells, which resulted in the generation of T reg cells. Whether CD11c lo DCs negatively affect the in situ activation of T cells in lymphoid tissues and how helminth infection induces a numerical expansion of this regulatory DC subset is not known. Amplification in this compartment may be a direct and specific response to parasite products or, more likely, a host regulatory response to damage and stress. Regardless of those considerations, that CD11c lo DC response, together with the ILC2 cell responses discussed above, may be representative of systematic deviations from basal hematopoiesis that result in an altered immunoregulatory milieu in the helminth-infected host. An important question for future investigations is whether competitive or antagonistic interactions exist between the demands for generating regulatory and ILC2 cell-type lineages and the IFN-γ-driven recruitment and population expansion of IL-7R + c-Kit hi myelolymphoid hemopoietic progenitor cells required for antimicrobial protection 120 . Advances in this area will increase the understanding of how chronic helminth infestation reconfigures the innate immune compartment, which could fundamentally explain not only the dampened effector response to microbes but also perhaps enhanced tissue and/or host tolerance. npg 1 1 2 4 VOLUME 14 NUMBER 11 NOVEMBER 2013 nature immunology r e v i e w CONCLUSIONS As discussed here, increasing evidence indicates that helminths can negatively affect resistance to microbes, including M. tuberculosis, Plasmodium species and HIV. Control of helminthiasis may also have a substantial effect on vaccine efficacy. However, the ability of the host to tolerate microbial infections may also be compromised by the control of helminthiasis. This is because although resistance to those microbes may be enhanced, exacerbation of the associated harmful inflammation, in the absence of helminth-induced immunoregulatory controls, could potentially contribute to increased disease severity. Such interplay between the effects of helminth coinfection on microbial resistance and tolerance will vary with the particular pathogens involved and with the severity of the helminth or microbial infection. It must also be considered that chronic helminth infection may generally be associated with a robust immunoregulatory system more able to control harmful autoimmune diseases. The helminthinduced immune mechanisms that affect microbial infection are still poorly understood. However, as discussed here, it is increasingly clear that they include separable components induced through different mechanisms triggered by either tissue damage caused by multicellular helminths, as they transit through the host, or the release of factors by helminths that can potently influence host immunological function. This complex response includes both classical type 2 immunity and innate and adaptive immunoregulatory compartments.
More extensive randomized and longitudinal clinical studies, with the use of relevant biomarkers to assess actual immune responses, are needed to further define the effect of helminth infections on the host response to microbial pathogens. An important gap that needs to be addressed is elucidating how antigen-specific T cells and B cells reactive to microbial pathogens are intrinsically reprogrammed by helminth coinfection. Gene profiling and detailed functional analyses of distinct effector lymphocytes will probably reveal convergent pathways used by diverse helminths to inactivate these cells. Knowledge generated from such comparative studies could then further guide biomarker selection as well as provide therapeutic targets for reversing the effects of helminth coinfection. In conjunction with clinical and laboratory studies, mathematical modeling of micro-and macroparasite coinfections 121 should be used as an adjunct tool to model the effect of coinfection on disease evolution. However, the need for such studies should not preclude the current use of antihelminth treatments to decrease susceptibility to deadly microbial pathogens, to enhance vaccine effectiveness or to prevent motherto-child transmission of HIV.
Further studies are also needed to investigate the mechanisms by which helminth-induced immune responses affect both resistance and tolerance to microbial pathogens, as such knowledge may lead to future targeted therapeutic interventions or vaccines that avoid the harmful effects of helminth coinfection. Future immunotherapies may include harnessing the immunoregulatory networks characteristic of helminth infections that promote tolerance to microbial pathogens by controlling harmful associated inflammation. In this context, the application of systems-biology approaches, including proteomics, transcriptomics and high-throughput functional assays, to identify immunomodulatory components of helminth parasites promises not only advances in scientific understanding but also a new class of immunotherapeutic compounds 122 . Even though understanding of the effects of helminth coinfections on host susceptibility to microbial pathogens is still evolving, nevertheless an increasing number of studies now demonstrate their translational relevance to human health and justify the need for increased efforts in this important area of research.
